Abstract Swidden agriculture, once the dominant form of land use throughout the uplands and much of the lowlands of Southeast Asia, is being replaced by other land uses. While change and adaptation are inherent to swiddening, the current rapid and widespread transitions are unprecedented. In this paper we review some recent findings on changes in biodiversity, especially plant diversity at various scales, as swidden farming is replaced by other land uses. We focus particularly on two areas of Southeast Asia:
Introduction
Traditional swidden ecosystems in Southeast Asia are known historically to be rich in agricultural crops and semi-domesticated plants as well as in the spontaneous vegetation that appears in both the cropping and fallowing phases Spencer 1966; Warner 1991; Rerkasem 1996) . Swiddening is also referred to as shifting cultivation or slash-and-burn agriculture. (For a definition of swidden cultivation, please see the introduction to this issue (Mertz et al. 2009, this issue) . From the uplands of montane mainland Southeast Asia to the islands of Indonesia and the Philippines, swidden systems are now being replaced by a variety of permanent agricultural and non-agricultural land uses (Guo et al. 2002) . Driving this change, in part, has been the official view of governments throughout the region that swiddening is an unacceptable, destructive practice Fox et al. 2000; this issue) . Myriad policies and measures have been applied over the last several decades to curb swidden cultivation (cf. Fox et al. this issue; Schmidt-Vogt 2001; Delang 2002; Fox and Vogler 2005; Thongmanivong et al. 2005) . Demographic, technological, and economic shifts have also helped change the crops that are planted and the ways fallows are managed, both spatially and temporally (Guo et al. 2002; Rasul and Thapa 2003; Padoch et al. 2007; Cairns 2007b) . These rapid transformations have important implications for biodiversity in the Southeast Asia region.
In this article, we review what is known about plant biodiversity in Southeast Asian swidden fields and fallows, focusing attention on two areas: northern Thailand (and neighboring areas of montane mainland Southeast Asia) and West Kalimantan in Indonesia (and neighboring areas of Sarawak in Malaysia). We then explore how recent shifts in land use away from swiddening are affecting plant diversity on several levels: e.g., losses of local germplasm and of swidden crops, degradation of swidden fallows, as well as losses of entire agroecosystems. Finally, we examine several instances where swidden crop and other biodiversity is being maintained and even created, despite pervasive and profound land-use change.
Biodiversity in Swidden Ecosystems
The Cropping Phase Perhaps the best-known study of swidden in Southeast Asia is the pioneering work on the swiddens of the Hanunoo of Mindoro Island in the Philippines by . The large number of crops and landraces encountered in Hanunoo swiddens-over 280 types of food crops and 92 recognized rice varieties, with several dozen usually showing up in any particular swidden field-has often been cited as a hallmark of intact swidden diversity in the region. Another well-known early compendium of data on swiddening in Southeast Asia (that encompassed an expanded area including Papua New Guinea and parts of India) listed over 250 species as "crop plants cultivated by shifting cultivators" (Spencer 1966: App. D) . More recently, researchers have commonly identified some 30 species of staple crops, 30-40 species of vegetables, and 25 species of herbs and spices in upland rice swidden fields of Southeast Asia during the cropping phase (Anderson 1993; Sutthi 1995; Dove 1985; Colfer et al. 1997) . Swiddens largely devoted to opium poppy cultivation in the "Golden Triangle" of the mountainous mainland often included somewhat lesser crop diversity (commonly including 15-20 species of vegetables and a few herbs (Crooker 1986; Hansen 1995; Sutthi 1995; Rerkasem et al. 1989) . These studies suggest there is a great wealth of agricultural biodiversity maintained in swidden systems.
However, assessing what is actually being lost as swiddening is replaced by other land uses is not straightforward.
Despite apparent region-wide regularities, when viewed on a smaller scale, swiddens vary greatly from locale to locale, field to field, and year to year. In general, the number and variety of crops grown in swiddens by individual households depend on the physical character of the fields (slope, aspect, soil fertility, and other field features including ash cover, density of termite mounds or burned stumps), availability of seeds and planting material, involvement of households in additional economic activities including various forms of cash cropping, and myriad other household decisions. In Karen swiddens in Sop Moei district of Mae Hong Son province in northern Thailand, a 4-year study found that about 50-60 species of crops, including a few ornamentals, were characteristically found in local swidden fields (Yimyam 2006) . However, the number of crops grown in association with upland rice by any individual household varied from 18 to almost 50 species, and that number often changed from year to year. Both the distribution and abundance of crop species were determined by multiple factors, among them the soil type, the maturation time of the particular crop, its growth habit, and harvest season. Leaf mustard (Brassica juncea), for example, was grown densely since it was ready to be harvested about one month after upland rice was sown and thus interfered minimally with the production and harvesting of rice, the most important crop. In contrast, the abundance of black cowpeas (Vigna unticulata) was kept as low as 18-30 plants/ha because of the potential of this creeping, climbing species to smother rice plants. Finally, some crops were planted in particular patterns and served several purposes at once. Cassava (Manihot esculenta) was frequently grown in single rows within the large, multifamily swiddens, not only for food and/or animal feed, but also to indicate a plot boundary.
The agricultural biodiversity of Southeast Asia's swiddens is not only varied and complex, it has also been changing since long before the present rapid land-use transitions began. Intercropped species such as yams (Dioscorea spp.) and taro (Colocasia esculenta) may have once been the dominant staples in swiddens throughout much of the Asian tropics (Spencer 1966) . However these native tuber crops have largely been relegated to secondary status in Southeast Asian swiddens by grain crops notably rice, but also others such as millet (Setaria italica) and Job's tears (Coix lachryma-jobi). In recent years, however, many of these local secondary crops have in turn been replaced by an array of species brought in from the Americas and elsewhere, including cassava, maize, chilies, and peanuts (Arachis hypogaea) (Spencer 1966; Cramb 2007) . Diversity and change have long characterized swidden crops in Southeast Asia: new species have been adopted, old ones abandoned, and yet others moved into and out of swiddens to other environments. For an area as large, diverse, and dynamic as Southeast Asia, we cannot offer an assessment of how many crop species, if any, are being lost as the current swidden transition continues, but change-and loss-at the varietal level is apparently occurring much more rapidly than before.
Genetic Diversity of Domesticated Species
In addition to the inclusion of a great many different crop species in Southeast Asian swiddens, management and utilization of multiple varieties of most crops is common among the myriad ethnic groups of both the mainland and islands of Southeast Asia. Levels of intra-specific diversity of upland crops vary considerably, with most farmers maintaining more than one variety (landrace) of crops for cultivation. These patterns reflect to a large extent other patterns of diversity in swidden systems, i.e., biophysical diversity, management or technological diversity, cultural and organizational diversity (Brookfield et al. 2003) . Changing relationships among social groups, patterns of exchange of planting materials, as well as, recent migration and political change have all been shown to affect crop genetic resources (Coffey 2008; Jarvis et al. 2007) . Evidence indicates that women of swiddening households frequently play key roles in the maintenance and management of the crops as well as in the collection of important germplasm and that their changing roles affect the state of crop genetic resources (Colfer 2008) .
The centre of diversity for cultivated rice (Oryza sativa) coincides roughly with montane mainland Southeast Asia (MMSEA), which includes the mountainous areas of Cambodia, Myanmar, Thailand, Laos, Vietnam and Southwest China (Chang 1976; Morishima et al. 1980) . Swidden practices in this region likely have played significant roles in creating, maintaining, and conserving genetic resources of rice for many centuries. As has been observed in many other areas (Maxted et al. 1997; Nazarea 2006) , agricultural development in the past 50 years has resulted in the erosion of crop genetic diversity. In the case of MMSEA, numerous rice landraces have been replaced with relatively few improved or modern high-yielding varieties (HYVs) in the major rice growing areas. In China's Yunnan Province and in Vietnam, where statistics show that 81% and 90%, respectively, of rice areas are planted to high yielding varieties and hybrids, local upland races still can be found among farmers who continue to depend on upland cultivation for their livelihoods (FAO 2009; IRRI 2008) . It is notable that in 1985, the anthropologist Yin Shaoting had recorded 71 named varieties of rice cultivated by Jinuo communities in Yunnan, and noted that about 30 traditional varieties had already been lost (Yin 2001) . In Yunnan, Jinuo are only one of about 25 officially recognized ethnic groups-many of them once swiddeners. In Laos, the government has been successful in replacing most of the local rice germplasm with improved varieties in the Mekong provinces within the last 2-3 years. The northern provinces were, however, still almost exclusively dependent on local varieties in 2002 (Mounmeuangxam 2003) . Khamu swiddeners in northwestern Laos, for example, were found to cultivate ten different varieties of rice in one large swidden arranged along an altitudinal gradient of 150 m (Evrard 2006) . While adoption of HYVs has been less extensive than in many other Southeast Asian countries, Thailand has seen improved varieties spread throughout most of its lowland valleys. The richest diversity in local rice germplasm is found in the unique highland ecosystems that were once dominated by traditional swiddening (Rerkasem 2008) .
Throughout the region, much rice diversity, from the level of the seedlot to named varieties, has been maintained through local seed exchange networks that operate within and between communities, and at different scales from the village to district and provincial levels. In Samneua district of Houaphanh province in Laos, a total of 19 varieties were found in three villages (Mounmeuangxam 2003) . Much variation, however, was found to exist among seedlots of what was recognized as the same, named variety. High levels of intra-varietal diversity are typical of rice landraces as well as other swidden crops; this level of diversity often goes unrecognized and unappreciated when comparisons are made of crop diversity in "traditional" (including swidden) systems and in modern cropping.
Another study set in Tee Cha, a Pwo Karen village in Sop Moei district of Thailand's Mae Hong Son province, documented the functioning of complex seed exchange networks. At first glance, there appeared to be a rich diversity of rice varieties in the village. Each farm household grew between two and five of the more than 20 documented varieties, depending on the availability of rice lands, biophysical properties of the fields, as well as personal choices (Table 1) . However, only a handful of varieties were grown by the majority of farmers; others were rare. Because of biophysical constraints and management considerations, farmers tended to renew their seeds over short periods of time and seed exchange patterns were complicated (Table 1) . Inside the village of Tee Chaespecially within families-exchanges were limited by particular kinship-based rules. High levels of genetic diversity were maintained, in part, because seeds were also exchanged outside the village through alternative kinshipbased networks or with other communities where traditional rules and regulations of rice seed exchange did not apply, e.g., with Christian communities and with other ethnic communities such as Lua, Shan, and lowland Thai (Sirabanchongkran et al. 2004) . The existing genetic diversity in rice in the region is clearly the product of the interaction of a great many processes, economic, social, political, agricultural and environmental. Swiddening is at the center of many of these interactions.
Studies carried out in swiddening communities in Indonesia and Malaysia have also often indicated high numbers of rice varieties. In 1975, farmers in just one small Kantu' Dayak village in West Kalimantan, for example, planted 44 distinct, named varieties of rice (Dove 1985) . Even higher levels were found in Sarawak in the 1990s, where 105 named varieties were observed in an inland Iban community, while 79 named rice varieties were observed in an Iban village closer to the coast (Mertz and Christensen 1997) . High intra-specific diversity in rice was also found in Kenyah Dayak communities in East Kalimantan in the 1980s (Colfer et al. 1997, Colfer and Dudley 1993) . Research in Tara'n Dayaks villages in West Kalimantan, in the 1990s however, showed only five or six varieties as the village norm (Padoch unpublished data). In the Moyog constituency on the western flank of the Crocker Range in Sabah, the variety of hill rice grown differed according local climatic conditions and family socio-economic circumstances (Lim and Douglas 1998). For example, farmers who still depended on rice to feed their families often planted more than one variety. In two cool and high-elevation villages (>1,000 m) located about 5 km apart, six mutually exclusive varieties were planted. In warmer villages located at elevations <300 m, three or fewer varieties where planted. In villages where cash cropping was prominent, only one variety was planted. While discrepancy in the total number of varieties may reflect the variation from place to place and group to group as noted above, it may provide some indication of a general reduction in agrodiversity over the last few decades, as is the case with the cash cropping villages in the last example.
The Fallow Phase
Swidden fallows play a crucial role in maintaining the sustainability of swidden systems in various ways: by restoring fertility of the soil-vegetation system and facilitating weed control (Nye and Greenland 1960) , by providing a wealth of plant and wildlife products for subsistence and sale (Anderson 1993) , and by providing ecosystem services such as regulating water flow, protection against erosion (Ziegler et al. 2009b) , maintaining long-term carbon stocks (Bruun et al. 2009 ), and habitat for wild plants and animals on a larger landscape scale. Depending on management practices, especially the length of the fallow period, fallow vegetation develops through a sequence of successional stages, the early stages being characteristically dominated by herbaceous plants, the later stages being increasingly dominated by woody growth ranging from secondary scrub to secondary forest (SchmidtVogt 2001) . In traditional swidden landscapes, a mosaic of rotating patches of swiddens and swidden fallows in various stages of development is maintained in a continuous state of diversity and flux. In Southeast Asia, the first intensive studies of secondary vegetation communities in swidden fallows were carried out in the Philippines by Kowal (1966) on Luzon Island, and by Kellman (1969 Kellman ( , 1970 on the Mt. Apo massif of Mindanao Island. Another important focus in Southeast Asia of research on biodiversity in swidden fallows is Papua New Guinea (Sillitoe The total number of farmers who grew the specified variety at least once during the 5 years study c Number of farmers who started to grow the variety after not growing it for more than 1 year during the 5 years study d Number of farmers who grew the variety and then stopped for at least 1 year during the 5 years study e Paddy rice 1995; Bowman et al. 1990 ) With respect to the regional foci of this paper, northern Thailand and West Kalimantan, important contributions to our knowledge of biodiversity in fallow swiddens were made for West Kalimantan by Colfer et al. (1997) , Lawrence (2004a, b) , Lawrence et al. (1995) , and Lawrence and Mogea (1996) , and for northern Thailand by Lötsch (1958) , Nakano (1978) , Kunstadter 1978; Kunstadter et al. (1978a, b) , Sabhasri (1978) , and SchmidtVogt (1998 SchmidtVogt ( , 1999 . Amazingly, fallows were once viewed as an acceptable, if "backward" way of restoring fertility, and they were often decried as "unproductive, unmanaged, and interesting only from the perspective of how [they] could be shortened" (Cairns 2007c ). Recent research, however, has documented rich and diverse traditions of swidden-fallow management throughout Southeast Asia (Cairns 2007b) . Management of fallows is often a complex, multi-year and multi-purpose process that commences as soon as farmers begin to clear new fields.
Trees, for instance, are frequently managed to promote rapid fallow regeneration during and after cropping (Zinke et al. 1978; Dove 1985; Mischung 1986; Schmidt-Vogt 2007; Yimyam 2006; Fukushima et al. 2008) . A widely applied management practice is to cut trees, when clearing swiddens, at a height of 1.0-1.5 m and to leave the stumps so that sprouts may later grow from them. Some of the larger trees may be left standing as relict emergents, but are often pollarded to reduce shading of cultivated crops (Nyerges 1989). Both coppiced trees and relict emergents later contribute to the top canopy of secondary forest fallows. Schmidt-Vogt (2007) found through his research on relict emergents in swiddens of Lua farmers in northern Thailand that the frequency of species as relict emergents correlates well with the frequency of the same species in the coppice layer of swidden fallow forests as well as with their ecological importance in these forests in general. Relict emergents are in the literature sometimes referred to as "seed trees", suggesting that farmers consciously preserve these trees to assist regrowth of the forest (Santasombat 2003) . Schmidt-Vogt (2007), however, was not able to substantiate this claim in his research. According to his informants, farmers left particular trees standing because their trunks were too thick or their wood too hard to cut easily. While the assumption that such trees enhance diversity of the plot directly, since they often represent species that do not appear in young regrowth, is not supported by some research, relict emergents may however, increase diversity by serving as early perching structures that encourage seed dispersers to visit. According to Salas (2006) , Karen in northern Thailand cut off all branches except those at the top of the tree in order to attract birds.
The practice of leaving relict emergents during clearing as a management practice differs throughout Southeast Asia (Kunstadter et al. 1978a, b; Mischung 1986; Schmidt-Vogt 2007) . In Thailand, for example, the number of relict trees left by swiddeners varies by an order of magnitude. Some Lua' farmers were documented leaving over 200 trees per hectare (Kunstadter et al. 1978a, b; Schmidt-Vogt 2007) , while Karen swiddeners were observed leaving only 20-40 per hectare (Schmidt-Vogt 1999) . Dayaks in Indonesian and Malaysian Borneo generally leave far fewer relict trees, if any (Freeman 1955; Dove 1985; Lawrence 2004a) . Dove (1985) suggested that the practice of leaving large trees may have been more common in earlier times but was waning in the 1970s, as the felling of younger forests, with fewer large hardwoods, became the norm among the Kantu' Dayaks. In addition, the increased availability of chainsaws (Mertz and Christensen 1997) may have encouraged the clearing of trees once considered too difficult to cut. The practice of leaving some relict emergents, however, does continue into the present, even in long-settled areas of Sarawak, where large trees or trees valuable for their timber or fruits continue to be left when swiddens are cleared (Burgers 2007) .
Management is also done through planting, transplanting, weeding, and otherwise manipulating and/or enriching fallows with useful species-often woody species-over the years that the fallow develops. Some future fallow species are planted when the field is first made. For instance, in China's Yunnan province, the Hani/Akha have traditionally planted rattans into swiddens at the same time as they dibble in seeds of upland rice (Xu 2007) . While the grain crop ripens within several months, the rattan canes will remain part of the fallow until they are harvested after about 7 to 8 years. In Kalimantan, rubber is also interplanted with rice in similar ways and can remain part of a rubber-dominated fallow for decades (Peluso and Padoch 1996) .
The issue of what length of fallow is adequate to restore the fertility of swidden soils has been widely researched, tested, and debated (Greenland 1975; Higgins et al. 1982; Roder et al. 1997) . In contrast, studies of restoration of forest biodiversity and structure through fallowing have received less attention. Research done in Lua' communities in northern Thailand indicate that a fallow of 9-12 years is adequate for regeneration of complex stand structure and species composition (Sabhasri 1978; Schmidt-Vogt 1999) . At one location in Chiang Mai province, forest fallows 7-10 years old included 66-77 tree species (Sabhasri 1978) . Swidden fallow forests in the Lua village of Ban Tun in Mae Hong Son province exhibited three canopy layers and contained a total of 79 tree species. The most species rich stands had a total of 57-60 species including herbaceous plants and grasses, and of these 31 to 32 species in the tree layers on a 500 m 2 plot (Schmidt-Vogt 1998 , 1999 . Recent comparative research on the development of tree species diversity on 1-, 3-, and 6-year old fallows of Karen and Lua villages in Mae Chaem district of northern Thailand documented an increase of tree species richness and diversity with fallow age from 1 year to 6 years. Another significant result is that species richness and species diversity in a 6-year-old fallow in the Karen village, was higher than that found in a nearby control forest plot (Wangpakapattanawong and Schmidt-Vogt, unpublished data).
In a Dayak community of West Kalimantan, where coppicing and pollarding were less common, forest structure took longer to redevelop. Nevertheless, fallow tree diversity was still high, with 16 species (>10 cm at breast height) per 1,000 m 2 in a 6-year-old fallow (1,000 m 2 was about one-tenth of the whole fallow). The number of tree species steadily increased with fallow age, and was ultimately found to be 60% higher in a 31-year old fallow (26 species per 1,000 m 2 ). Small tree diversity (5-10 cm dbh) was also high and increased with age (13 to 21 species per 200 m 2 ). Most importantly, at least 40% of the small tree species were not represented among the larger trees at the same location, indicating very high local diversity. These data from Thailand and Indonesia demonstrate that substantial early fallow richness can increase considerably as the fallow ages.
Although a shorter fallow period would severely reduce tree species diversity, even a 6-or 7-year-old woody fallow can host substantial diversity (see above), at least within a matrix of fallows of many ages. Some of this diversity is a result of mosaic landscapes that include young and old fallows, and managed and unmanaged forest. In a review paper on the conservation value of swidden cultivation landscapes, Finegan and Nasi (2004) pointed out that the capacity of swidden landscapes to maintain biodiversity is mainly due to their mosaic character. The secondary forest components, especially mature secondary forests, play an especially important role because of their significance for forest-dependent and interior species. In a matrix composed exclusively of young fallows, many of the species currently observed would not have time to achieve reproductive status. The diversity of young fallows, in a sea of other young fallows, would be limited by the pool of species capable of producing seeds in surrounding patches (Lawrence 2004a, b) .
The role of animals in the regeneration of swidden fallows is still poorly understood, mainly due to a lack of research on animal biodiversity in swidden landscapes. Recent research on indigenous knowledge among swiddeners in northern Thailand concerning regeneration in swidden fields highlighted the importance of birds as seed dispersers (Wangpakapattanawong, Schmidt-Vogt, unpublished data). A survey of bird biodiversity in swidden fallows of Xishuangbanna in Yunnan showed that there is far greater bird species richness and diversity in an environment under traditional swidden management than in a swidden system in transition characterized by shortened fallow periods. The greater bird biodiversity in the traditional swidden system was explained by the structural complexity-especially of the later fallow forest stages-which provided a wide range of habitat niches, and by greater overall habitat heterogeneity, and it certainly has an effect on the regeneration of plant species (Wang and Young 2003) .
Repeated shorter fallow cycles can result in severe soil degradation and grassland formation including bamboodominated fallows, particularly if a field is subjected to frequent fires or grazing (Conklin 1959; Durno et al. 2007; Nikolic et al. 2008) . Degradation causes a decline in diversity along with a change in vegetation structure that can result in feedbacks that further erode diversity. In the case of a Karen community of Chiang Mai province, where fallow periods have been reduced to about 5 years, fallow forests have been replaced by a dominant and invasive weed, Chromolaena odorata, with poor fallow biomass productivity (Nakano 1978) . Increasingly, the landscapes of swidden in transition comprise younger and less speciesrich fallows. Maintenance of fallow diversity under such conditions will most likely require active management by farmers.
Some groups in Southeast Asia are known to manage weedy species in fallows, including those dominated by aggressive shrubs, such as Austroeupatorium inulaefolium, found at altitudes above 200 m asl in Sumatra (Cairns 2007a, b, c) . This multipurpose invasive weed has a large number of economic uses; and it is believed to improve growing conditions in swiddens. Minangkabau farmers often propagate Austroeupatorium in their fallows through cuttings, and maintain the stands once they are established (Cairns 2007a, b, c) . We note that the practice of managing weedy or invasive species may actually diminish the plant diversity of fallows if the species is aggressive enough to outcompete other species.
However, this is not always the case. For instance, M. denticulata is associated with up to 30 species of mycorrhizal fungi, critical to nutrient cycling (Youpensuk et al. 2005; Yimyam et al. 2008) . This association highlights the complex interactions that add another layer of biodiversity in swidden systems. H'tin, Khamu and Karen farmers in Thailand believe that the pioneering tree Macaranga denticulata (Euphorbiaceae) also has fallowenriching properties. Good upland rice yields (3.5 t/ha or higher) on the poorest mountain soils (pH 4.0, 2 ppm available P) have been reported when high density stands of M. denticulata (42,000 trees/ha) appear in short fallows (Yimyam et al. 2003) . In such a system of decreasing fallow periods, already reduced to 6 years or less, the rich diversity of swidden crops has been maintained for the past 10 years.
Many of the species that grow and are managed in swidden fallows provide food, medicines, and building materials that support swiddening households and communities and are frequently marketed in towns and cities in both mainland and insular Southeast Asia (Kunstadter 1978; Mertz 2007; Burgers 2007; Fu et al. 2003; Sturgeon 2005) . In the first years of the fallow, species of planted vegetables and other crops often remain despite the growth of spontaneous vegetation (e.g., Tayanin 2007). As fallows age, naturally regenerated and subsequently managed ferns, vines, bamboos, fruits, and other young secondary forest products become increasingly important. Kunstadter (1978) found that the succession of plant communities was paralleled by a succession of products: while the herbdominated early successional stages were a source mainly of medicinal plants, the secondary forest stages yielded mainly wood and wild food plants. In the village of Pa Pae, the majority of species of the altogether 295 food plants, 119 medicinal plants, 44 plant species used for weaving and dyeing, and the 27 fuel plants were derived from fallow swiddens (Kunstadter 1978; Kunstadter et al. 1978a, b) . In one Akha-Hani village in China's Yunnan province, researchers found that 76 species of useful plants were harvested from 7 hectares of swidden fallows of varying ages (Fu et al. 2003) . In West Kalimantan, data gathered in 11 swidden fallows belonging to residents of one village showed that the vegetation of older, tree-dominated fallows also had considerable economic value; more than half the individual trees and at least 30% of the tree species were found to be economically useful (Lawrence et al. 1995; Vandermeer et al. 2002) . Researchers have suggested that intensely managed fallows represent a promising way to increase incomes, improve diets, and increase labor productivity among swidden cultivators (Mertz 2007; Burgers 2007; Fu et al. 2003; Colfer 2008; Colfer et al 1997; Cairns 2007a, b, c) . The elimination of fallows when swiddening is replaced by permanent croppingespecially by monocultural plantations of export crops-may markedly downgrade diversity, and with it nutritional status, health, and incomes of smallholder households, as swidden fallows often function as "safety-nets" for the rural poor (Burgers 2007; Mertz 2007; Johns 2007; Sturgeon 2005) .
In short, considerable agricultural as well as wild biodiversity is maintained, managed, and utilized in traditional swidden ecosystems with fallows of sufficient length that allow the complexity of secondary forests and preceding successional stages to be regained in terms of both floristics as well as structure. On the other hand, shortening the length of the fallow can lead to the loss of some slow regenerating species or the development of a herbaceous fallow. Both cases equate to a loss of biodiversity. If this occurs across an entire landscape, the loss would be significant.
Crop Substitution, Transformation of Swidden, and Loss of Biodiversity
Among the many drivers that are leading to the replacement of swidden cultivation by other land uses in montane mainland Southeast Asia are government policies directed at eradicating the opium poppy (McCoy 1972; Sturgeon 2005) .
Opium has been grown in the region in both homegardens and swidden fields, but production has been largely associated with highland swiddens. Starting in the late 1960s international pressure was brought to bear on governments in the mountainous "Golden Triangle" to eliminate opium cultivation. External support poured in to both institute crop substitution programs and to improve the infrastructure and marketing needed to support production and marketing of the new crop alternatives. Despite the fact that many swiddeners in the region never grew any opium poppies, a connection was drawn between the illegal crop and the farming system that supported it. Programs to eliminate opium cultivation provided an important entry point or first step towards stopping swidden agriculture altogether. Following the eradication of opium cultivation in many areas, the process of crop substitution inexorably led to widespread intensive farming of cash crops, in place of all types of swiddening.
With infrastructure development, improved communication and transportation networks, the intrusion of external markets has become another major force transforming traditional swidden areas into landscapes dominated by cash cropping, including intensive farming of annual and perennial plantation crops (Rigg 2002) . In China's Yunnan province where opium was eradicated in 1949, the government offered alternative development featuring many annual and perennial cash crops including industrial crops produced in plantations (Sturgeon 2005) .
Transfers of large-scale production of many cash and industrial crops between the countries in the region have become an important factor in the replacement of swiddens, and related patterns of agrobiodiversity change. Throughout montane mainland Southeast Asia, rubber is increasingly occupying the mountain landscapes (Thongmanivong et al. 2005; Xu 2006; Manivong and Cramb 2008; Ziegler et al. 2009a) . The scale of these monoculture systems has virtually wiped out the agrobiodiversity that once flourished in swidden fields and is contributing to the loss of high diversity rain forest (Li et al. 2007; Qiu 2009 ). In insular Southeast Asia many industrial and export crops, including rubber, palm oil, cloves and black pepper are produced in both large-and small-scale production units, sometimes with government encouragement and often without, and in a variety of systems Koh and Wilcove 2008; McMorrow et al. 2001 ).
However, even in Sumatra and Kalimantan, where 'jungle rubber' is a relatively species-rich production system (Gouyon et al. 1993; Michon and DeForesta 1991; Lawrence 1996) , the loss of biodiversity following conversion from swidden is highly significant. The effects of more intensive management and focus on a single cash crop are apparent at the scale of an entire landscape. Swidden fallows generally feature four times as many tree species as do rubber gardens (i.e., 161 vs. 40 species sampled across the landscape in eleven 1,000 m 2 plots each, Fig. 1 , after Lawrence 2004b). At the plot scale, rubber gardens in West Kalimantan also show lower diversity, with a maximum of 15 species and a mean of 6 tree species per 1,000 m 2 (vs. a maximum of 42 and a mean of 22 for similarly aged fallows) (Fig. 1) . The negative effects on diversity of the transition to rubber would probably be much more evident if herbs, epiphytes and other small lifeforms were considered.
Timber-focused reforestation programs have also been instrumental in replacing diverse swiddens with monocultures or near monocultures. In Luang Prabang province of Laos, for example, teak plantations have been among the most widely accepted alternatives to swidden cultivation in ethnic minority communities over the past 20 years, especially among the Khamu ethnic group (Hansen et al. 2007) . Smallholder teak production is now economically profitable for some former swiddeners, but other impacts of the change to managing monocultural plantations in landscapes that formerly featured a diversity of land uses and considerable biodiversity is yet to be investigated. Data from other Southeast Asia regions show, however, that timber production need not result in extreme losses of biological diversity. Trees producing timber and/or oils such as illipe (Shorea spp.) or resins such as damar (resins of Shorea spp.) have been cultivated in multi-species agroforests for decades in Indonesia and Malaysia (Michon et al. 1986; Michon and de Foresta 1999; Peters 2003; Padoch and Peters 2003) . Some of these systems developed locally in swiddening communities and some have been encouraged by NGOs (Cairns 2007a, b, c) . It is not clear, however, how widespread the transition to timber farming is in insular Southeast Asia and what its overall impact on biodiversity in former swidden areas will be. Impacts on diversity will depend on the level and kind of management that is applied or permitted in plantations, that is, how many 'weed' trees will be allowed to flourish in the understory and how many non-timber species will be planted and/or managed. Weed trees may provide subsistence products (like fuelwood or medicines) and may provide early economic returns if the markets exist and are accessible; communities on paved roads may therefore be more likely to have species-rich timber plantations.
In short, where national and international policy have played important roles in the recent past (as in the opiumgrowing areas of mainland Southeast Asia), regional economic development programs have largely transformed the complex and biodiverse landscapes of swidden and forest fallows to simplified landscapes of monocultural plantations of commercial crops on a large scale. The change to commercial crops and plantations in some cases has led to a total loss of the diversity associated with management in former swidden fields (Sutthi 1989) . But the losses may not always be so dire. With appropriate infrastructure and markets, somewhat more diverse but highly profitable agroforestry systems may also be preserved and promoted (see fruit gardens, Fig. 1 ). These systems can and do sustain some of the diversity found in the fallow phase of swiddens. Even without external incentives, many farmers succeed in rescuing valuable portions of the diversity once found in their swidden fields and fallows.
Rescuing the Biodiversity of Swidden Ecosystems
Landscape mosaics are common in areas of Southeast Asia where swiddening is practiced (Fox and Vogler 2005; Fox et al. 2000; Ziegler et al. 2004; Sturgeon 2005) . In the case of Tee Cha village in Mae Hong Son district of northern Fig. 1 Diversity of trees under shifting cultivation in West Kalimantan, Indonesia by land use type. Circles represent cumulative diversity of trees >10 cm dbh sampled in plots across the landscape (n=10−11 for managed forests, and n = 3 for mature forest). Circles and are sized to show landscape-scale differences in the species pool associated with each forest type (relative number of species per square meter sampled). Inset charts for each land use type show maximum plotlevel diversity, in species per square meter sampled to account for different plot sizes between secondary (1,000 m 2 ) and mature/ conservation forests (750 m 2 ) Thailand, the landscape is composed of swidden fields currently in crops, fallow fields of different ages, paddy terraces, mixed orchards, home gardens, protected conservation forests, and community forests managed for fuelwood, timber, and various other uses (Fig. 2) . Each land use type in the mosaic includes characteristic and dissimilar combinations of domesticated, semi-domesticated and wild species. While a complete conversion of mountain landscapes to cash and industrial crops is occurring in many places of mainland Southeast Asia, in many more places, industrial crops are grown alongside more traditional land use types: rice paddies, multi-purpose and conservation forests as well as remaining swiddens and swidden fallows. These mixed landscapes are often venues for maintaining and even enhancing biodiversity.
As their swidden cultivation systems are inexorably changed and disappear, some Hmong, Lahu and Akha-Hani farmers in northern Thailand are increasingly managing Fig. 2 Map of land use in Tee Cha village of Mae Hong Son province, Thailand elaborate homegardens that harbor many upland crops formerly found in swidden fields (Fu et al. 2003) and actively rescuing valued biodiversity from former swidden fields and fallows. Headwater and other conservation forests, including holy hills and sacred forests, are other venues for such preservation (Pei 1993) . Because exploitation is often strictly regulated, these conservation areas can and have become reservoirs for diverse species that were once more widespread across the landscape, including in now-disappeared swiddens and fallows. Such managed forests may even be more diverse than unmanaged forests. In Daka, a Hani/Akha village in Yunnan province for example, the community has enriched biodiversity by allowing medicinal practitioners to "cultivate" a small portion of the headwater forest (Fu et al. 2008) . Twice as many plant species were found in medicinal plots as in the surrounding forests; nine of these species are listed as endangered. In West Kalimantan, the richest managed forests had tree diversity similar to that of the richest patches of conservation forest, albeit on a very small spatial scale. Swidden fallows were richer than the more intensively managed fruit gardens and approached the level of mature conservation forest (insets of species richness per square meter, Fig. 1 , after Lawrence and Mogea 1996) . When assessing larger areas or including smaller trees, conservation forests are significantly more diverse, but the small-scale forest plots of a swidden landscape do have the potential to retain ecological communities of similar complexity (and perhaps function) as mature forests.
Home gardens and field edges are two other landscape components where agrobiodiversity is rescued. Hmong, Lahu, and Akha-Hani farmers in northern Thailand, are increasingly managing elaborate home gardens that harbor many upland crops formerly found in swidden fields (Fu et al. 2003) . In one Hmong village in northern Thailand, some farmers who have lost their swidden plots have begun to cultivate the margins of their crop fields (edges) with useful spontaneous species as well as traditional crops from former swidden fields (Rerkasem, unpublished data) . These plantings provide food, medicine, and other necessities and some have found ready markets for these additional products among the urban Hmong community in the city of Chiang Mai. The governing body of the village has incorporated the enriched "edges" into the communal conservation forest, allowing individual farmers to continue their cultivation of wild species and hence continue to maintain and even enhance local biodiversity. In Yunnan province, the Akha-Hani farmers of Daka village mentioned above have also begun moving fallow species into permanent cultivation in homegardens and elsewhere as they lose access to areas for making swiddens and for collecting wild vegetables (Fu et al. 2003) . Some research has found that women play a leading role in this transfer of useful wild plants from the fallows to the fields and gardens (Price and Ogle 2008) . As swiddens change and fallow period and area are reduced, patterns of preservation of plants within cultivated fields also shift. Wild useful plants are often left in the crop fields, including a variety of tubers, other wild edible vegetables, and plants with many other uses. Special care is taken not to remove species recognized not only for their direct uses but also for their fallow-enriching properties, such as mimosa (Mimosa invisa), a cover crop in rotation with cash crops such as cabbage and maize in northern Thailand. Farmers manage this species by collecting the seeds and sowing them in areas where the mimosa is absent.
Conclusions
High levels of both spontaneous biodiversity and agricultural biodiversity are associated with traditional swidden agriculture in Southeast Asia. This diversity is, in part, the product of constant innovations by farm households and communities striving to meet economic, ritual and social needs in a highly diverse and changing environment. Although swiddening has been evolving in the region for millennia, myriad factors including increasing market and political integration over the past 50 years have brought rapid region-wide changes. In particular, government incentives to eradicate the cultivation of opium poppy in the Golden Triangle, together with general policies aimed at eliminating swidden agriculture throughout Southeast Asia, have threatened many forest and crop species-including rice, the world's most important food crop, at its center of diversity. Ironically, some of the greatest losses of agrobiodiversity have resulted from national directives aimed directly at conserving biodiversity. Increased integration into markets also often appears to be detrimental to diversity in traditional land use systems, since it often results in monocultural plantations, and yet market forces do not always lead to drastic losses of biodiversity. While the ongoing swidden transformations have generally affected crop and fallow biodiversity negatively in obvious and expected ways, in some cases the effects have been ambiguous or even contradictory. Loss of diversity at one level may be offset as plant diversity is rescued within homegardens, field edges, agroforests, and conservation forests.
As swidden farming declines, systems are being transformed to other land uses in novel ways; landscapes and familiar field types are being reconfigured. Rich agrobiodiversity from swidden fields is sometimes lost completely when they are transformed to monocultures. In other cases threatened plant diversity is incorporated into other field types, such as homegardens and field "edges". Biodiversity serves multiple purposes for the farming households of the region. These needs are typically not incorporated into national and regional development plans. Management and conservation of the agrobiodiversity associated with swidden systems has been dependent on a myriad set of local rules, practices and the operation of informal networks. Since local networks of seed exchange systems are one of the important mechanisms that maintain and conserve genetic diversity in rice, better understanding of these still little-studied systems would help to promote and/or sustain on-farm conservation of crop genetic resources. The collapse of these networks could have substantial negative impacts on agrobiodiversity on a large scale including the total loss of crop genetic resources of enormous value. A stronger focus on the scalar effects of exchange linkages on diversity is important, as exchanges outside a local area may result in homogenization of genetic diversity at a regional scale.
Understanding of the dynamic processes of the management of agrobiodiversity-including diversity in swidden fallows-as Southeast Asian landscapes are transformed is clearly inadequate. This shortcoming may be partly due to the lack of fundamental research. It may also be due to the "invisibility" of these refuges of biodiversity: many of the most diverse and dynamic ecosystems are not readily observable in limited field visits, especially when the agricultural expertise of swiddeners is neither appreciated nor acknowledged. Rich agrobiodiversity is often managed outside agricultural lands, at a variety of spatial scales related to both farmer incentives and market forces. New approaches and methods are needed to support interdisciplinary research on the decline, maintenance, and transformation of crop and fallow biodiversity in the region. Finally, although the biodiversity that was once a widespread feature of swidden landscapes throughout Southeast Asia is threatened, it is neither declining at a uniform rate, nor is its future completely bleak. Understanding how diversity, both crop and wild, has been maintained in swidden landscapes despite recent social, economic, and political changes will help conserve the remaining biodiverse ecosystems of Southeast Asia.
